The 14-3-3 proteins are acidic, dimeric proteins that have been implicated in many eukaryotic cellular processes because of direct protein association with enzymes and other metabolic and regulatory proteins. 14-3-3 proteins are largely considered to be cytoplasmic, but a search for proteins that specifically interact with a plant 14-3-3 resulted in the isolation of a nuclear-encoded, thylakoidtargeted chloroplast precursor, the full-length Arabidopsis photosystem I N-subunit At pPSI-N (P.C. Sehnke, R.J. Ferl [1995] Plant Physiol 109: 1126). Using precursor truncations in the two-hybrid system, it was determined that the leader sequence is the site of PSI-N that associates with 14-3-3. This suggested the novel possibility that 14-3-3 would be found within chloroplasts. Immunoelectron microscopy of leaf tissue and western analysis of chloroplast fractions with monoclonal anti-14-3-3 antibodies localized 14-3-3 proteins to the chloroplast stroma and the stromal side of thylakoid membranes. Using peptide-generated, isoform-specific antibodies, GF14, GF14⑀, GF14, and GF14 were shown to be present in the chloroplast stromal extract. These isoforms represent two distinct phylogenetic 14-3-3 groupings. These data suggest a novel interorganellar role for these phylogenetically distinct 14-3-3 proteins.
The roles of 14-3-3 proteins are diverse, ranging from regulation of metabolic enzymes to participation in transcriptional complexes and phytotoxin receptors and partnerships with structural proteins (Aitken, 1996; Ferl, 1996; Sehnke and Ferl, 1996; Ku et al., 1998) . All of these roles, however, include the common feature of direct physical association between the 14-3-3 protein and its target. The 14-3-3 proteins are dimeric, soluble proteins that can bind to other proteins via a phospho-Ser-mediated interaction (Muslin et al., 1996) . The nature of the interacting domains within the 14-3-3 appears to vary depending upon the binding partners, however, it was observed early on that the central domains of the 14-3-3s (residues 171-213 of the human isoform ) contain the residues directing the phospho-Ser interaction with the enzyme Trp hydroxylase (Ichimura et al., 1995) . Ichimura et al. (1995) called this region of the 14-3-3 the "box-1" domain, which is extremely well conserved in all species and isoforms of 14-3-3. In addition, this central region containing box 1 is essentially an autonomous domain capable of interacting with the target protein as an independent monomeric protein (Ichimura et al., 1995; Liu et al., 1996) .
The three dimensional x-ray crystallographic structures of two 14-3-3 isoforms revealed a nine-helical, compartmentalized architecture with the C terminus externally exposed (Liu et al., 1995; Xiao et al., 1995) . The entire C terminus is not completely visible in the model, however, the most terminal region forms an accessible "flap" over a hollow amphipathic core derived by the union of the monomers. Additionally, the extreme termini of the 14-3-3s are the most divergent regions of the proteins, suggesting that they may direct isoform-specific functions.
In an effort to identify functions for plant 14-3-3s that occur via the central box 1 and C-terminal regions, we screened an Arabidopsis-yeast two-hybrid cDNA library with an N-terminal truncation of 14-3-3 protein GF14-12 (de Vetten et al., 1992) as bait. This N-terminal truncation results in the removal of the first four helices, which constitute the dimerization domain (Wu et al., 1997a) . This construct ensures that the box 1 and C-terminal domain are unencumbered by dimerization and are therefore available for direct interaction with potential targets. Of the three 14-3-3 interacting clones isolated, one was a full-length Arabidopsis cDNA homolog to the barley (Hordeum vulgare) precursor of the thylakoid lumenal localized photosystem I N-subunit (Hv pPSI-N) (Knoetzel and Simpson, 1993) , which we called At pPSI-N (Sehnke and Ferl, 1995) . The discovery of an interaction between 14-3-3 proteins and a thylakoid lumen protein presented two important questions that are addressed in the present paper. What is the nature of the interaction between 14-3-3s and PSI-N, and are 14-3-3s present inside of chloroplasts in spite of the fact that they lack any import signals?
MATERIALS AND METHODS

Materials
Subcloning was performed as described previously (Sambrook et al., 1989) with commercial enzymes. PCR was performed as per the manufacturer's instructions supplied with the enzyme (Promega, Madison, WI). All chemicals used were purchased commercially.
Yeast Two-Hybrid Transformation and Library Screening
The coding region for residues 88-267 of the maize (Zea mays) Zm 14-3-3 GF14 12 (de Vetten et al., 1992) was subcloned into BamHI restricted yeast two-hybrid vector pGBT9 (CLONTECH Laboratories, Palo Alto, CA) as a BglII/BamHI cassette from pET15b GF14-12. pGBT9-monoGF14-12 was transformed in the yeast strain HF7C and used to screen a Matchmaker Arabidopsis cv Columbia 3-week-old vegetative tissue cDNA library using the manufacturer's protocol (CLONTECH Laboratories). Positively interacting clones, as indicated by growth on ϪHis media and Lac Z gene reporter activity, were transferred to Escherichia coli strain HB101 and sequenced (model 373A sequencer, Applied Biosystems, Foster City, CA).
Interaction Domain Mapping Using Yeast Two-Hybrid System
PCR with the oligos (5Ј-AGGATCCCAGCATTAGCAG-AAG-3Ј, 5Ј-TACCACTACAATGGATG-3Ј) and pGAD10 At pPSI-N as the template, was used to generate a BamHI cassette coding for the putative chloroplast and thylakoid targeting transit peptide (At pPSI-N residues 1-87). After restriction the cassette was subcloned into pGAD424 (CLONTECH Laboratories), yielding pGAD424-CTTD. A binding domain fusion construct, pGAD424-CTD, containing only the putative chloroplast transit peptide (residues 1-47) was produced by digestion of pGAD424-CTTD with BclI and BamHI and subcloned into BamHI-restricted pGAD424. A construct with the chloroplast transit peptide removed (retaining the putative thylakoid targeting domain and mature protein residues 49-171) was made by digestion of pGAD10 At pPSI-N with BclI and SalI and subcloning into BamHI/SalI-restricted pGAD424 yielding pGAD424 At iPSI-N (the intermediate form of the precursor). Finally, a construct (pGAD424-At mPSI-N) with the mature At PSI-N coding sequence (At pPSI-N residues 92-129) was created by sequential digestion of pGAD10 AT pPSI-N with XhoI, mung bean nuclease and PvuII, followed by subcloning into pGAD424 restricted with SmaI/PvuII. Yeast transformation and interaction screening were performed as described above.
SDS-PAGE and Immunoblotting Analysis
Samples of plant material or isolated organelles were analyzed for 14-3-3s using SDS-PAGE. Samples were combined with equal volumes of 2ϫ SDS-PAGE sample loading buffer (50 mm Tris, 5% [v/v] ␤-mercaptoethanol, 2% [w/v] SDS, and 10% [v/v] glycerol, pH 6.8) prior to boiling for 90 s. Protein concentrations of both extract supernatants and column fractions were determined using Bradford analysis (Bradford, 1976) . Samples of protein were loaded onto the gels along with molecular mass markers for western-immunoblotting analysis or with protein standards for Coomassie staining analysis. After electrophoresis, the gels were either stained with Coomassie Blue R-250 or transferred to nitrocellulose using a Minigel transfer system (Bio-Rad Laboratories, Hercules, CA) following the manufacturer's directions.
Coomassie-stained gels were destained with a methanolacetic acid-water mixture until bands were visible. The blots were incubated in 5% (w/v) non-fat dry milk and 0.5% (v/v) Tween 20 in phosphate-buffered saline 7.6 (PSBT) overnight to block the remaining sites. Blots were washed with PBST and incubated with either anti-GF14 monoclonal antibody (Mab) containing ascites fluid (Lu et al., 1992) (1/3,000) or rabbit polyclonal anti-GF14 sera (1/ 10,000) produced by Bioworld (Dublin, OH) using conjugated peptides derived from the different At GF14 isoform cDNA sequences (P.C. Sehnke and R.J. Ferl, unpublished data) . After washing, the blots were incubated with appropriate secondary antibody conjugate of horseradish peroxidase for 45 min. The blots were washed a final time and then processed with chemiluminescence kit (Amersham, Uppsala) prior to development on film. As controls to confirm antibody specificity, the peptides that were used to generate the respective antibodies were added to the diluted sera (at an approximately 20:1 molar ratio assuming specific antibody concentrations of 0.1% or 2 nm final peptide concentration) and allowed to complex for 1 h at room temperature prior to immunoblotting. Antibodies to the cytoplasmic marker protein BiP (a protein that associates with the endoplasmic reticulum luminal HSC70s) (Anderson et al., 1994) and the chloroplast stromal marker protein SecA (Yuan et al., 1994) were used to confirm cytoplasmic and chloroplast stromal sample integrity, respectively.
Immunotransmission Electron Microscopy
Arabidopsis tissue was prepared and analyzed with anti-14-3-3 Mabs as described previously (Bihn et al., 1997) .
Chloroplast Isolation and Suborganellar Separation
Preparation of pea (Pisum sativum) chloroplasts, stromal extract, and isolated thylakoid membranes were as described previously (Cline, 1986) . Isolation of chloroplasts from 21-d-old Arabidopsis plants was accomplished using a modified version of the procedure from Somerville et al. (1981) . The chloroplasts were purified on a Percoll step gradient as described previously (Rensink et al., 1998) . Stromal extract from Arabidopsis chloroplasts was obtained as described above. Protein concentrations were determined using Bradford analysis.
RESULTS AND DISCUSSION
Our preliminary finding of a plant 14-3-3 binding to the nuclear-encoded chloroplast precursor PSI-N in the yeast two-hybrid system (Sehnke and Ferl, 1995) and the reports of 14-3-3 involvement in mitochondrial import (Alam et al., 1994; Komiya et al., 1997) , prompted our detailed exploration of the 14-3-3/PSI-N interaction. Potential domains of At pPSI-N were predicted by sequence identity with the delineated structural elements of Hv pPSI-N. Comparison of the amino acid sequence of At pPSI-N with Hv pPSI-N reveals conservation of the thylakoid peptidase cleavage site (AXA, where X can be any amino acid), separating the highly homologous mature proteins (85% identity) from the divergent NH 2 -terminal transit peptides (30% identity) (Fig. 1) . Since both proteins utilize the ⌬pH-dependent pathway (Nielsen et al., 1994; K. Cline, unpublished data) for which barley does not produce processing intermediates, differentiation of stromal and thylakoid targeting domains is, not surprisingly, less obvious. However the twinArg motif critical for thylakoid import of ⌬pH-dependent precursors (Chaddock et al., 1995) is conserved in both C-terminal halves of the pPSI-N transit peptides (Fig. 1) . In addition, an N-terminal truncation of At pPSIN (minus the first 40 residues) was competent in isolated thylakoid membrane import assays, but no longer for intact chloroplast import, which is again suggestive of a bipartite modular transit peptide (data not shown).
To determine the specific region of At pPSI-N that interacts with the 14-3-3 monomer, Gal4 fusion constructs encoding portions of At pPSI-N were transformed into yeast along with monomeric GF14-12 (Fig. 2) . Interaction between the proteins was scored for both Lac Z and HIS reporter activity. The order of the strength of observed interaction was: full-length precursor (␤-galactosidase activity was 24% of that of the p53/SV40 large T-antigen positive control supplied by manufacturer of the kit) Ͼ precursor transit peptide Ͼ carboxy-terminal half of the transit peptide containing the thylakoid targeted twin-Arg motif linked to At pPSI-N. The reporter activities for mature protein and the amino-terminal half of the transit peptide containing the putative stromal-targeting domain fusions were approximately equivalent to background for both reporters analyzed, indicating weak or no binding to the 14-3-3 fusion protein. This indicates that the 14-3-3s bind to the thylakoid targeting domain of the transit peptide. Since 14-3-3 proteins exist as dimers in vitro and are also thought to be dimers in vivo, we tested the ability of the At pPSI-N constructs to bind dimeric full-length maize 14-3-3, GF14-12. Surprisingly, no interaction above background was detectable (Fig. 2) . In other two-hybrid experiments using full-length 14-3-3 proteins, we have observed that interactions through the 14-3-3 dimerization domains with endogenous or recombinant 14-3-3 proteins is strongly favored to the point of the exclusion of other interactions (Wu et al., 1997a) . Full-length constructs are believed to maintain 14-3-3 fusion proteins as dimers and thereby limit or mask the interactions with library prey. Plant 14-3-3 proteins have been found in various tissues including leaves (de Vetten et al., 1992; Lu et al., 1992) . While 14-3-3s are generally considered to be cytoplasmic, 14-3-3s have recently been identified within an organelle, the nucleus (Bihn et al., 1997; Todd et al., 1998) . Furthermore, an early identification of plant 14-3-3s was made from external chloroplast membrane preparations, although the presence of internal chloroplast 14-3-3s was not demonstrated and cytosolic 14-3-3 contamination could not be ruled out as the source of the membrane-associated 14-3-3s (Hirsch et al., 1992) . However, since the yeast twohybrid 14-3-3/PSI-N data identified the putative thylakoid targeting domain of the PSI-N transit peptide as the 14-3-3 binding site, we speculated that 14-3-3s should be present within the chloroplast.
To investigate this theory, sectioned, embedded Arabidopsis leaves were treated with an anti-14-3-3 monoclonal antibody, Mab-15, which recognizes most of the Arabidopsis 14-3-3 isoforms. Localization was detected in the electron microscope by secondary antibodies linked to gold particles (Fig. 3A) . Immunoreactive material was observed within the chloroplasts, in a higher concentration than that observed in the cytoplasm. Within the chloroplasts, gold particles were observed throughout the stroma and on thylakoid membranes (Fig. 3B) . Control sections treated with an irrelevant monoclonal antibody did not demonstrate any immunoreactivity (Fig. 3C) .
Confirmation and further sublocalization of 14-3-3 proteins within the chloroplast was accomplished using the GF14 Mab-15 monoclonal antibody for western analysis of suborganellar fractions of well-characterized and proteasetreated pea chloroplasts (Cline, 1986) . Consistent with the immuno-electron microscopy results of Arabidopsis, 14-3-3s were present in intact pea chloroplasts and stroma (Fig. 3D) . The strongest immunoreactive signal was present in the stroma as a doublet of approximately 30 to 32 kD. Treatment of the chloroplast preparation with protease did not alter the size of the 14-3-3 proteins detected, nor was the amount of 14-3-3 within the chloroplast significantly reduced by protease treatment. Given that 14-3-3s are known to be especially sensitive to proteases (Lu et al., 1994 ; data not shown), these data indicate that the majority of the chloroplastic 14-3-3s were internal to the chloroplast, and not attached to the outside of the chloroplast or inadvertently carried along with the preparation. The use of pea chloroplasts establishes the presence of chloroplastic 14-3-3s in a well-characterized chloroplast system and across species, but cannot address issues of whether there is any selectivity of which isoforms might be present within chloroplasts. To determine which specific 14-3-3 isoforms are present in chloroplasts, we returned to Arabidopsis, for which the complete family of 10 14-3-3 isoforms has been described (Wu et al., 1997b) . Isoform-specific antibodies were used in a western analysis of stromal extracts from isolated, protease-treated Arabidopsis chloroplasts (Fig. 3E) . Surprisingly, multiple isoforms were found in the stromal extract. The relative levels of 14-3-3 isoforms detected in the stromal extract were At GF14 Ͼ Ͼ At GF14⑀ Ͼ At GF14 Ͼ Ͼ At GF14. Each isoform was itself present as a doublet on denatured SDS-PAGE, suggesting either cleavage or modification of the stromal 14-3-3s. While cDNA sequence analysis of the stromal-localized 14-3-3s did not reveal any obvious transit peptide/cleavage sites, phosphorylation of plant 14-3-3s has been reported (Lu et al., 1994) . Further experiments are necessary to fully understand the apparent modification of isoforms in the chloroplasts.
For comparison of cytoplasmic levels of the chloroplastidentified 14-3-3 stromal extracts, cytoplasmic supernatant fractions were analyzed with the 14-3-3 isoform-specific antibodies. Cytoplasmic levels of the isoforms were different from that of the chloroplast stromal material, again indicating potential selectivity of the 14-3-3 isoforms present in the chloroplast. In fact, At GF14 which was present at low levels in the leaf cytoplasm, appeared to be excluded from the chloroplast stromal fraction. Antibodies to cytoplasmic (BiP) and chloroplast (SecA) marker proteins were used to demonstrate the integrity of the stromal and cytoplasmic fractions used in these studies. No cytoplasmic contamination, as indicated by BiP, was detected in the stromal extract.
Phylogenetic analysis of the 14-3-3s detected in the chloroplast stromal extracts revealed several important features (Fig. 4) . First, the four chloroplast stromal 14-3-3s are from two distinct classes, the ⑀-like and the non-⑀-like isoforms. This was surprising, as the ⑀ and non-⑀ distinction is thought to represent the earliest divergence within plant species (Wu et al., 1997b) . The second feature is that the and isoforms are from their own distinctive branch of the non-⑀ forms. This clustering suggests that function may be reflected in a phylogenetic manner, such that similar phylogeny relates to similar function or location. The ⑀-like isoforms ⑀ and may represent an ancestoral or constant function, as all ⑀-like isoforms (animals, plants, etc.) are anciently diverged from the other isoforms of their own species.
The presence of divergent isoforms within the chloroplast suggests the potential of specialized heterodimerization among these 14-3-3s. It was interesting that one monomer of the heterodimeric mitochondrial import stimulating factor (MSF) is the mammalian 14-3-3⑀ form, which is then partnered with ␦ or , non-⑀ forms. One further recent piece of evidence that supports the theory of ⑀ and non-⑀ isoform heterodimers is the identification of both ⑀-like and non-⑀ isoforms in the nuclei of HeLa cells as cruciform-binding proteins (Todd et al., 1998) . It is tempting to speculate that the pairing of an ⑀ form with a non-⑀ isoform will be a common factor for 14-3-3 heterodimers. This model is not without biophysical merit, as the association of plant ⑀ isoforms with non-⑀ isoforms has been demonstrated to be dynamic in nature (Wu et al., 1997a) . This could serve to allow increased flexibility for function from a limited isoform pool. The common-link ⑀ isoforms may also provide some type of basal requirement for the 14-3-3 dimers. A more complete understanding of the actual physical makeup and distribution of heterodimers is required to fully answer this question of significance.
The interaction between PSI-N and 14-3-3s broadens the paradigm for 14-3-3/target associations. The PSI-N leader Figure 2 . Summary of interactions between At pPSI-N domains and 14-3-3 proteins using the two-hybrid system. Using the yeast two-hybrid protein-protein detection system, the domains important for 14-3-3/At PSI-N interaction were determined. At PSI-N GAL4 activation domain fusions and truncated Zm GF14-12 GAL4 binding domain fusions were transferred into yeast and assayed for reporter activity using ␤-galactosidase and His growth measurements. The results are summarized as relative units of activity corresponding to full-length At PSI-N/14-3-3 interaction. GAL4 activation domain was used as a negative control. Interactions between dimeric 14-3-3 and At PSI-N were also determined using a 14-3-3 GAL4 activation domain fusion, since full-length 14-3-3s possess transcriptional activation activity (Wu et al., 1997a) . Figure 3 . Identification of 14-3-3 proteins within chloroplasts. A, Immunolocalization of the 14-3-3 proteins within the chloroplast using electron microscopy and anti-GF14 Mabs. Using a Mab that recognizes eight of the 10 Arabidopsis 14-3-3 isoforms, electron-dense goldlabeled particles representing 14-3-3s were found within the cytoplasm and the chloroplasts. White arrowheads indicate chloroplast 14-3-3s; black arrowheads indicate cytoplasmic 14-3-3s. B, Localization of 14-3-3 proteins within the chloroplast. Higher magnification of one of the chloroplasts shown in 3A indicates that gold particles representing 14-3-3 proteins were found within the chloroplast stroma and apparently on internal membranes. No concentration of gold particles was noted along the outer membrane. C, Control chloroplast . When an irrelevant monoclonal antibody directed against Dictyostelium spores was used as a control, no gold particles were detected. D, Western-blot analysis of pea chloroplasts and suborganellar fractions using anti-GF14 Mabs. Intact chloroplasts (CP), thermolysin-treated chloroplasts, and stromal extract from pea were analyzed for 14-3-3 content using SDS-PAGE and immunoblotting with anti-GF14 Mab. When possible, approximately equivalent amounts of protein (approximately 5 g) were added to each lane as measured by Bradford analysis. Recombinant Zm GF14-12 (1 ng) was added as an antibody control. E, Molecular identification of specific 14-3-3 isoforms in Arabidopsis chloroplast-isolated stromal extract. Isoform-specific antibodies that recognize each of the Arabidopsis 14-3-3s were used to analyze Arabidopsis chloroplast stromal and cytoplasmic extracts electrophoresed with SDS-PAGE. Equivalent amounts of total protein (3 g) from extracts were loaded in each lane. Transferred blots were incubated with antibody sera diluted 1/10,000, and immunogenic material was located using chemiluminescent detection. Positive western signals were detected for anti-⑀, -, -, and -antibodies, while no signal was detected for the others, including anti-. To demonstrate antibody specificity, similar blots were incubated with diluted sera to which peptides that were used to generate the antibodies were added. These signals were abolished, indicating anti-14-3-3 specificity. Antibodies to the chloroplast stromal protein SecA and cytoplasmic protein BiP (a protein associated with the endoplasmic reticulum luminal HSC70s) were used to demonstrate the lack of cross-contamination between chloroplastic and cytoplasmic samples.
domain does not contain the canonical 14-3-3 phospho-Ser interaction sequence. However, recent data analyzing the interaction between 14-3-3 and ExoS clearly demonstrate that the canonical 14-3-3 binding site need not be present in the target protein (Masters et al., 1999) . The PSI-N/14-3-3 interaction extends the growing realization that 14-3-3s can interact with non-canonical targets, and mutagenesis of the PSI-N interaction domain will reveal the amino acids required for this type of interaction.
The ability of a plant 14-3-3 to bind to a nuclear-encoded chloroplast precursor (Sehnke and Ferl, 1995) suggested the heretofore-undiscovered presence of 14-3-3s within chloroplasts. The only other example of 14-3-3s binding to import precursor proteins is MSF, a collection of 14-3-3s that (in animals, at least) acts to mediate mitochondrial precursor import on the external surface of the organelle (Komiya et al., 1997) . MSF releases the precursor to import receptors on the mitochondrial outer membrane surface and, after ATP hydrolysis, is released back into the cytosol to recruit additional precursors. However, no reports of intra-mitochondrial 14-3-3s exist, further suggesting that MSF is a cytosolic factor. Therefore, the presence of 14-3-3s within chloroplasts represents a unique organellar localization for 14-3-3, especially since 14-3-3s have no import or precursor sequences to suggest their own direct import. This interaction also suggests a functional role for 14-3-3 during import. However, it would be premature to assign or limit the stromal 14-3-3s discovered here to roles involving solely import. The discovery of pPSI-N/14-3-3 interactions should allow for future functional characterization studies and further our understanding of 14-3-3 involvement in diverse cellular processes. Figure 4 . Phylogenetic similarity of chloroplast 14-3-3s. Amino acid sequence comparison of the 10 Arabidopsis 14-3-3 isoforms using the phylogenetics analysis program PHYLIP 3.5 distinguished five distinct groups, one ⑀-like and four non-⑀ (Wu et al., 1997b) . Placement on the phylogenetic tree of the 14-3-3s detected in the chloroplast stromal extract was confined to two divergent and distinct groups, one ⑀-like and one non-⑀-like. Isoforms ⑀ and are ⑀-like forms; and are clearly non-⑀ forms, but represent a unique cluster among the non-⑀ isoforms. This suggests the possibility that chloroplast-specific 14-3-3s may be a distinct evolutionary lineage. However, the presence of ⑀-like forms in the chloroplast stroma and elsewhere further suggests that certain chloroplast 14-3-3 duties require a general form (⑀) and a specialized form ( or ), perhaps in the form of a heterodimer.
